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Summary  Dynamic  voltage  scaling  contributes  to  a  signiﬁcant  amount  of  power  saving,  espe-
cially in  the  energy  constrained  wireless  sensor  networks  (WSNs).  Existing  dynamic  voltage
scaling techniques  make  the  system  slower  and  ignore  the  event  miss  rate.  This  results  in
degradation  of  the  system  performance  when  there  is  non-stationary  workload  at  input.  The
overhead due  to  transition  between  voltage  level  and  discrete  voltage  levels  are  also  the  lim-
itations of  available  dynamic  voltage  scaling  (DVS)  techniques  at  sensor  node  (SN).  This  paper
proposes a  workload  dependent  DVS  based  MSP430  controller  model  used  for  SN.  An  online
gradient  estimation  technique  has  been  used  to  optimize  power  and  performance  trade-offs.
The analytical  results  are  validated  with  the  simulation  results  obtained  using  simulation  toolperformance
optimization;
Gradient  estimation
‘‘SimEvents’’  and  compared  with  the  available  AT9OS8535  controller.  Based  on  the  stochastic
workload,  the  controller’s  input  voltage,  operational  frequency,  utilization,  and  average  wait
time of  events  are  obtained.
© 2016  Published  by  Elsevier  GmbH.  This  is  an  open  access  article  under  the  CC  BY-NC-ND  license
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ntroductionhe  rapidly  growing  demand  of  WSN  applications  increases
he  need  of  energy  efﬁcient  operations  and  protocols  of
 SN.  In  WSNs,  most  of  the  time  a  SN  remains  sleep  and
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ecomes  active  only  when  events  arrive  at  the  input  of  node.
hus,  the  low-power  MSP430  is  suitable  microcontroller  for
SN  applications  (Dudacek  and  Vavricka,  2007).  The  imple-
ented  power  management  techniques  increase  the  energy
fﬁciency  of  battery  operated  sensor  nodes  to  extend  the
ifetime  of  entire  network  (Kim  et  al.,  2014).  Operating
requency,  operating  voltage,  workload/arrival  rate,  utiliza-
ion  etc.  are  the  factors  typically  affect  the  power  and
erformance  of  a  SN.  Although,  there  are  very  large  and
iverse  aspects  of  power  management  techniques  in  state
f  the  art  (Chen  et  al.,  2013),  this  paper  focus  on  the  issues
elated  to  dynamic  voltage  and  frequency  scaling  technique.
icle under the CC BY-NC-ND license (http://creativecommons.org/
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Designing  DVS  for  energy  constrained  SN  is  crucial  because  of
the  delay  and  energy  overheads  due  to  transition  between
different  voltage  levels.  This  becomes  more  critical  when
rate  of  event  arrival  at  input  varies.  This  paper  in  turn,
proposes  the  mathematical  model  of  MSP430  controller  for
obtaining  the  power  and  performance.  Since  the  power
consumption  has  quadratic  relation  with  input  voltage  of
processor,  the  proposed  model  uses  a  faster  technique  i.e.
online  gradient  estimation  to  optimize  the  required  mini-
mum  input  voltage  at  the  cost  of  performance  (Li  et  al.,
2006).  The  performance  parameters  such  as  utilization,
average  wait  time,  operating  frequency  and  power  con-
sumption  are  also  evaluated  for  proposed  model.
Dynamic voltage scaling
The  DVS  reduces  the  power  consumption  of  a  low  power
microcontroller  by  scaling  its  operating  voltage  down  and
up  when  required.  The  limitation  of  scaling  down  voltage
depends  on  a  certain  voltage  i.e.  threshold  voltage  of  the
device  used.  Hence,  the  scaled  down  voltage  is  not  advis-
able  to  reduce  below  this  threshold  voltage;  mentioned  on
the  data  sheet  of  the  device.  This  action  can  increase  the
overall  power  consumption  due  to  leakage  power  instead  of
power  saving.  In  energy  constrained  SN,  if  we  decrease  oper-
ating  voltage  and  frequency  for  power  saving,  the  chances
of  event  miss  rate  increases.  The  cost  of  scaling  is  limited
by  the  event  deadline.  The  proposed  model  optimizes  the
input  voltage  under  delay  constraint  i.e.  delay  <  deadline  of
event  processing  (D)  (Kim,  2010).
Mathematical modelling
An  ultra-low  power  microcontroller  (TI  MSP430)  is  used  to
control  the  processing  in  wireless  sensor  node.  It  operates
on  voltage  (2—3.3  V)  and  frequency  (4.6—7  MHz).  It  has  ﬁve
operational  modes;  these  are  active  (fully  functional)  and
four  sleep  modes  cooperate  for  low  power  consumption.  The
low  power  consumption  is  obtained  sometimes  by  reducing
the  system  operating  voltage,  operating  frequency  or  mak-
ing  its  components  OFF.  However,  the  change  in  power  mode
according  to  the  workload  requirement  pays  off  if  reduced
system  performance  meets  the  task  completion  deadline.
Thus,  a  wise  decision  on  the  operating  mode  when  the  work-
load  is  non-stationary  is  very  important.  This  can  cause
more  energy  overhead  than  power  saving  and  alarming  when
faster  workload  change.  This  can  trade-off  the  performance
and  reduce  the  power  consumption.  The  voltage  and  fre-
quency  of  TI  MSP430  operates  in  the  linear  range  with  the
relationship  shown  in  Eq.  (1).
V  = f  −  b
a
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Table  1  Comparison  of  voltage,  service  time,  frequency  and  pow
Inter-arrival  time  =  0.2577,    =  3.88  
V    f  =  1/  Power  (mW
AT9OS8535  3.996  0.1668  5.9952  95.73  
MSP430 2.982  0.1593  6.2775  55.82  igure  1  Optimal  input  voltage  and  cost  at  different  inter-
rrival  rates.
here,  a  =  1.8  and  b  =  0.91  are  device  dependent  coefﬁcients
ith  norm  of  residuals  =  8.88  ×  10−16.
The  parameter  V  and  f represent  operating  voltage  and
requency  of  the  respective  device.  The  energy  consumed
()  has  a  quadratic  relation  with  voltage  (V)  and  linear
ith  the  number  of  operations  within  a  task  (N).  In  order
o  evaluate  the  trade-offs  in  energy  and  cost  i.e.  C(),  the
erformance  metric,  J()  is  represented  in  Eq.  (2). Where,
 represents  weight  factor.  The  gradient  descent  method
Sumata  et  al.,  2013)  is  used  to  obtain  Eqs.  (3)  and  (4).  The
erivative  of  performance  metric  is  used  for  evaluating  the
radient  decent  service  time  at  every  step  till  optimization.
()  =  wE()  +  C()  (2)
()  = wN
a2
(
1 −  b

)2
+ 
1  −  
dJ
d
= −2wN
a2
(
1  −  b
3
)
+ 1
(1  −  )2 (3)
here,  Vmax =  3.3  V  at  lb =  0.146  (lower  bound),  Vmin =  2  V  at
ub =  0.2217  (upper  bound),  range =  lb::ub,  and  the  change
n  service  time  depends  on  step  size  ()  and  dJ/d,  Eq.  (4).
n =  n−1 −  
(
dJ
d
)
(4)
The  step  size  is  taken  as  0.001.  The  service  time  (n)  gives
he  optimal  input  voltage  (Eq.  (1))  and  reasonable  cost  of
oltage  scaling  for  a particular  input  arrival.  This  ensures
he  event  processing  within  deadline  (D).  The  cost  and  per-
ormance  metric  consist  of  energy,  service  time,  waiting
ime,  and  processor  utilization.  Further,  inﬁnitesimal  per-
urbation  analysis  gives  the  performance  evaluation  in  single
imulation.
er.
Inter-arrival  time  =  1.3699,    =  0.73
)  V    f  =  1/  Power  (mW)
3  0.25  4  36
1.862  0.2347  4.26  14.7696
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Figure  2  Power  consumption  and  average  wait  time  with  varying  inter-arrival  rate.
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Figure  3  Effect  of  inter-arrival  rate  on  server  utilization.
Table  2  Estimation  of  relative  error  and  performance  measures  on  varying  load.
Arrival  rate  () Theoretical
voltage
Simulated
voltage
Relative  error  Performance
cost
Service
time  ()
Operating
frequency  (f)
2  2.5163  2.515  0.0005  0.9238  0.184  5.4348
1 2.4551  2.454  0.0004  0.8337  0.1877  5.3277
0.73 2.4405 2.44 0.0002  0.8142  0.1886  5.302
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erformance evaluation
he  optimization  modelling  for  MSP430  microcontroller  is
one  using  ‘‘SimEvents’’  simulation  tool  which  generates
he  events  stochastically.  Table  1  shows  the  compara-
ive  analysis  between  our  proposed  model  (MSP430)  and
T9OS8535  controller.  The  power  consumption  is  measured
fter  getting  stationarity  in  the  simulation  results  and  this
hows  that  the  proposed  model  consumes  the  smaller  power
han  previous  model  (Li  et  al.,  2006).  The  processor  volt-
ge  and  cost  is  optimized  at  various  inter-arrival  rates  as
epicted  in  Fig.  1.  This  graph  shows  that  the  cost  and
equired  voltage  is  higher  for  higher  inter-arrival  rate  and
ontribute  to  power  and  cost  saving  when  input  workload
oes  down.  For  better  analysis  on  the  simulation  results,
ig.  2  shows  power  consumption  and  average  wait  time  vari-
tion  when  the  sample  size  is  taken  as  30.  Fig.  3  gives
he  decrease  in  utilization  with  the  increase  in  event  inter-
rrival  time.  Table  2  gives  the  result  validation  by  relative
rror,  which  is  less  than  0.06%.onclusion
he  gradient  decent  method  with  inﬁnitesimal  perturba-
ion  analysis  (IPA)  i.e.  online  gradient  estimation  technique
C0.8106  0.1888  5.299
ives  faster  optimization  in  small  number  of  iterations.  This
nsures  a  workload  dependent  DVS  model.  The  required
nput  voltage  and  frequency  varies  with  the  event  inter-
rrival  rate  and  the  optimized  power  and  performance  cost
nsures  the  event  processing  with  deadline  and  thus  no
vent  miss  rate.  Our  future  plan  is  to  implement  this  opti-
ization  on  MSP430  controller  of  TelosB  sensor  node.
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